Objective: To extract drug indications from a commercial drug knowledgebase and determine to what extent drug indications can discriminate between look-alike-sound-alike (LASA) drugs. Methods: We extracted drug indications disease concepts from the MedKnowledge Indications module from First Databank Inc. (South San Francisco, CA) and associated them with drugs on the Institute for Safe Medication Practices (ISMP) list of commonly confused drug names. We used high-level concepts (rather than granular concepts) to represent the general indications for each drug. Two pharmacists reviewed each drug's association with its high-level indications concepts for accuracy and clinical relevance. We compared the high-level indications for each commonly confused drug pair and categorized each pair as having a complete overlap, partial overlap or no overlap in high-level indications. Results: Of 278 LASA drug pairs, 165 (59%) had no overlap and 58 (21%) had partial overlap in high-level indications. Fifty-five pairs (20%) had complete overlap in high-level indications; nearly half of these were comprised of drugs with the same active ingredient and route of administration (e.g., Adderall, Adderall XR). Conclusions: Drug indications data from a drug knowledgebase can discriminate between many LASA drugs.
INTRODUCTION
Confusion involving look-alike, sound-alike (LASA) drug names is a known source of preventable medication error that can lead to adverse events, serious patient harm, and substantial healthcare costs. [1] [2] [3] [4] Various patient safety organizations, accrediting bodies, and regulatory agencies have advocated for strategies to identify and manage risks associated with LASA drugs. [5] [6] [7] Examples include the use of bar code technology, Tall Man (mixed case) lettering, separate storage of LASA drugs, inclusion of both brand and generic medication names on orders and labels, specifying the purpose of the drug when it is prescribed, and checking that a patient's active diagnosis matches the indication of a drug prior to dispensing or administering the drug. [5] [6] [7] Regulatory agencies, including the Joint Commission, are encouraging organizations to proactively identify LASA pairs and take action to prevent medication errors with LASA drugs. 8 The U.S. Food and Drug Administration (FDA) and Health
Canada have also issued guides to identify potentially confusing drug names during the premarket phase of drug development. [9] [10] [11] The expanding use of electronic health records has the potential to reduce LASA errors due to improved legibility and more efficient and accurate transmission of prescriptions. However, computerized systems can also introduce LASA errors. Pick-lists where LASA drugs appear next to each other and variation in the format of drug name displays on order screens, for example, can increase the risk of drug selection errors. 12, 13 As part of a larger project that advocates for incorporating indications in the prescription ordering phase, we conducted a study to determine whether drug indications knowledgebase content could be used to distinguish between LASA drugs. 14 We used the MedKnowledge Indications module from First Databank, Inc. (South San Francisco, CA) as the source of drug indications data, and the nine-page listing of confused drug names maintained by the Institute for Safe Medication Practices (ISMP) as our source for LASA drugs. 15, 16 The purpose of this project was to determine whether drug indications could potentially be used to discriminate between LASA drug names.
METHODS

Data Sources
ISMP's list of confused drug names is a compilation of generic and brand drug name pairs reported to ISMP as having caused drug errors due to name confusion. 16 Since the drug name pairs are a cumulative collection of drug name pairs over time, we used the drugs@fda database and FDA National Drug Code directory to identify and exclude drugs that were no longer marketed in the U.S. or branded products that had undergone a brand name change. 17, 18 We used the Indications module from First Databank as the source of drug indications. 15 The Indications module is a proprietary knowledgebase that includes FDA-approved and "off-label" indications for prescription and non-prescription drugs and is used in many applications within health care, including clinical decision support. Module content is specific to the active ingredient, dose form, strength and route of administration for a given drug. Reference sources used to compile and update indications data include the manufacturer product labeling, medical reference texts, treatment guidelines, expert consensus statements and primary medical literature. FDA-approved indications may also be removed from a drug in the module if the drug is no longer the standard of care for the indication, e.g., penicillin G for treatment of Neisseria gonorrhea infection. The Indications module excludes most dietary supplements, herbal products, large volume parenteral products, diluents, veterinary drugs, medical supplies, medical devices, and bulk drug substances used in compounding. The Indications module is used in conjunction with a proprietary concept-based medical vocabulary called the First Databank Medical Lexicon (FML). 19 FML is comprised of disease concept codes and descriptions that represent medical diagnoses, disease states, and health-related conditions or procedures. Examples of disease concept descriptions include "mania associated with bipolar disorder" or "loss of bone mineral density due to aromatase inhibitor therapy." Disease concept descriptions can be searched or displayed using either professional terminology (e.g., post herpetic neuralgia), medical abbreviations (e.g., PHN) or consumer-friendly terms (e.g., nerve pain after herpes). FML disease concepts are also mapped to interoperable terminologies (e.g., ICD, SNOMED) to allow for related concept searching. We had considered using ICD or SNOMED terms to represent drug indications but found that the standardized code sets did not adequately address certain concepts such as disease prevention (e.g., prevention of gastrointestinal ulcer), diagnostic testing for disease, or treatment of symptoms related to disease (e.g., anemia due to bleeding uterine leiomyoma). We chose to use the FML medical vocabulary because we had access to the content, and it offered a more precise representation of drug indications than what we could find in the standardized terminologies.
Because disease concept descriptions exist at varying levels of granularity for different drugs, and drugs may be associated with many disease concepts, we used two data elements in the Indications module -the disease concept proxy and the disease concept grouping -to identify the broad indication(s) for a given drug.
The disease concept proxy represents a single general indication for a drug that is used to facilitate drug-disease interactions checking. For example, many antibiotics are assigned a proxy of "bacterial infection" that can be utilized as an inferred patient problem when screening a new prescription for drug-disease interactions. Similarly, antifungal and antiviral agents are assigned a proxy of "fungal infection" and "viral infection," respectively. In addition, most antineoplastic drugs are assigned a proxy of "malignancy." For this study, we used the disease concept proxy to represent the high-level indication for anti-infective (antibacterial, antiviral, and antifungal) agents and antineoplastic drugs. For all other drugs, we used the disease concept grouping.
The disease concept grouping is a high-level disease concept (i.e., roll-up term) assigned to each drug-disease concept pair that can be used to shorten long tabular displays of granular indications lists. For example, insulin is associated with the granular disease concepts "gestational diabetes mellitus," "type 1 diabetes mellitus" and "type 2 diabetes mellitus," and each of these concepts is associated with the disease concept grouping "diabetes mellitus." Similarly, for the drug risedronate, the granular disease concepts "post-menopausal osteoporosis" and "glucocorticoid-induced osteoporosis" are associated with the disease concept grouping "osteoporosis" (Figure 1 ). A given drug may be associated with one or more disease concept groupings in the Indications module.
We presumed that using high-level concepts would be a conservative and more practical approach to evaluating overlaps in indications between drugs that were paired on the ISMP list.
Data Synthesis
In June 2017, one pharmacist (CC) extracted the high-level indications from the Indications module (either disease concept proxy or disease concept grouping) for each drug on the ISMP list. If only the active ingredient was listed on the ISMP list, then we extracted the high-level indications for every dose form, strength and route of administration available for the product. For example, cyclosporine is associated with distinct indications for its oral, intravenous, and ophthalmic formulations. Each drug-indication set was then compared to its corresponding confused drug-indication set. Two pharmacists (AS, MGA) reviewed the data for accuracy and clinical relevance. Any issues were resolved by consensus through discussion.
We recorded all instances where the drug and confused drug had the same high-level indication (i.e., indication overlap). We then categorized the degree of indication overlap within each drug pair. A "complete overlap" was defined as an instance where all high-level indications for a drug and its corresponding confused drug were the same. A "partial overlap" was defined as an instance where some of the high-level indications for a drug and its corresponding confused drug were the same. A "no overlap" was defined as an instance where none of the high-level indications for a drug and its corresponding confused drug were the same. All data were recorded on a Microsoft Excel (2016) worksheet.
Analysis
We used descriptive statistics to describe the number and proportion of drug pairs with complete, partial, and no overlap in high-level indications. For drug pairs with a partial overlap, we used the Dice Similarity Coefficient (DSC) to compare the similarity in indications between drugs within a pair. 20 The DSC has been used to evaluate lexical similarity between text strings. 21 We used DSC to measure the extent of overlap between indications within a drug pair. The DSC was calculated as follows: DSC ¼ (2 * number of shared indications between drug A and drug B)/(number of indications for drug A þ number of indications for drug B), where drug A is one drug within a drug pair, and drug B is the corresponding confused drug of the pair.
The DSC value ranges from 0 (no overlap in high-level indications) to 1 (complete overlap in high-level indications). A DSC value between 0 and 1 can be interpreted as the probability that an overlap in highlevel indications will occur within a given pair of drugs.
RESULTS
There were 399 unique LASA drug pairs comprised of 646 unique drugs. A total of 123 drugs were excluded because they had been discontinued in the US (n ¼ 89), were non-US products (n ¼ 6), had had a name change (n ¼ 4), represented a drug class instead of an individual drug (n ¼ 2) or were out-of-scope for the Indications module (n ¼ 22). The four drugs that had undergone a name change were Altocor (changed to Altoprev in 2004), Reminyl (changed to Razadyne in 2005), Kapidex (changed to Dexilant in 2010), and Brintellix (changed to Trintellix in 2016). 18 The two names that represented a drug class instead of an individual drug were HMG Co-A reductase inhibitors ("statins") and proton pump inhibitors. Drugs that were out-of-scope for the Indications module included dietary supplements (e.g., Floranex, Florastor, Glycotrol), medical devices (e.g., Healon and Arista AH), bulk fluids (e.g., acetic acid for irrigation), and antiseptic agents (e.g., Cidex, Betadine). A total of 121 drug pairs were excluded because one or both drugs within the pair met exclusion criteria. The 278 included drug pairs were comprised of 452 unique drugs that were each associated with an average of 2.4 high-level indications (range 1 to 11). There were 197 drugs with a single highlevel indication. There were 181 generic names and 271 brand names in our study sample.
There were 165 (59%) pairs with no overlap in high-level indications. There was an average of 5 distinct high-level indications within each drug pair (range 2 to 14) ( Table 1) .
There were 58 drug pairs (21%) with a partial overlap of highlevel indications. Each pair had an average of 5 distinct high-level indications (range 2 to 14). The mean DSC was 0.53 (range 0.17 to 0.93) ( Table 2 ).
There were 55 drug pairs (20%) with complete overlap in highlevel indications. Each of these pairs shared a single, common highlevel indication (Table 3 ). Most comparisons were between antineoplastic drugs (n ¼ 13, 24%), anti-infective agents (n ¼ 10, 18%), antidiabetic drugs (n ¼ 9, 16%), or opioid analgesics (n ¼ 5, 9%). Nearly half of the drug pairs (n ¼ 24, 44%) were comprised of drugs with the same active ingredient and route of administration.
DISCUSSION
This study shows that nearly 60% of the ISMP confused drug pairs included in our dataset had no overlap in indications, and another 21% of the drug pairs had just a partial overlap in indications. Associating indications with these drugs may help to differentiate these pairs and eliminate confusion between them. The remaining 20% of the drug pairs contained drugs with the same high-level indication. Many of these drug pairs were comprised of drugs with the same active ingredient and route of administration and differed only in dosage form (e.g., Seroquel vs Seroquel XR), strength (e.g., Ortho Tri-Cyclen 22 To our knowledge, this is the first study to systematically evaluate the degree of overlapping indications (FDA approved and unapproved) between LASA drugs reported to ISMP. For decades, leading authorities have recommended adding indications to medication orders to prevent errors and confusion between LASA drugs. 5, 16 However, there is limited quantitative data on how many LASA drugs mix-ups could be prevented using indications. Our study shows that associating indications to LASA medications is a potentially powerful lever since more than half of these medication pairs could be distinguished even with high-level indications concepts. Current strategies for avoiding LASA errors include use of bar code technology, storage of LASA drugs apart from each other, use of Tall Man lettering, adding extra security labels to the outer packaging of LASA drugs, and performing medication reconciliation at every clinical encounter. [5] [6] [7] Adding indications to LASA pairs during prescription ordering is a newer, potentially less labor-intensive way to prevent name confusion electronically and make computerized medication ordering safer. [23] [24] [25] [26] [27] [28] Drug indications content that is integrated within the electronic health record can allow users to associate indications with drugs being prescribed, dispensed or administered. This may help prevent errors due to choosing the wrong medication because of drug name confusion, as well as facilitate the incorporation of indications in the electronic medical record. 14, 22, [24] [25] In 2010, the Joint Commission added a LASA requirement to the Medication Management Standards for organizations to identify confused drug name pairs such as the list provided by ISMP. 8 Our study demonstrates that providing information about drug indications could provide organizations and clinicians with another practical tool to prevent drug name confusion errors. Incorporating indications onto prescription orders and labels might also allow for better medication counseling and potentially empower patients to point out wrong-patient-wrong-medication errors if the reason for use on the medication label is not consistent with their diagnosis.
Limitations
We intentionally used high-level indications rather than granular indications associated with each drug to facilitate indication review and comparison and model an approach to displaying drug indications to prescribers when ordering medications. Thus, our evaluation of indication overlaps is conservative, particularly for anti-infective agents and antineoplastic drugs, where the proxy disease concept was used to represent a single, broad indication for the drug.
Had we reviewed the more granular indications for these drugs, we likely would have had fewer indication overlaps within the drug pairs in our dataset. For example, pazopanib (Votrient), is used to treat renal cell carcinoma and advanced soft tissue sarcoma. Ponatinib (Iclusig), treats chronic myeloid leukemia or Philadelphia chromosome positive acute lymphoblastic leukemia. However, both drugs were associated with "malignancy" in our data and were categorized as having overlapping indications. Thus, our results are likely an underestimate of the number of LASA drugs that could be distinguished by indications.
Similarly, valacyclovir and valganciclovir were both associated with "viral infection" even though the former treats herpes virus infections and the latter treats infections caused by cytomegalovirus. Use of the proxy disease concept may have been too broad for drug pairs where both constituents were anti-infectives or both were antineoplastic drugs. The level of granularity required to distinguish between indications for these drugs would be a valuable area of further study. Most oncology agents, in particular, have a high likelihood of causing significant patient harm if used in error. 29, 30 Another limitation is that we used a single source of drug indication information rather than cross-referencing multiple sources. The advantage of using the Medknowledge Indications Module was that the content included both FDA-approved and unapproved indications and, once mapped to the products on the ISMP list, could be extracted to a tabular format and reviewed. We used clinician review to evaluate the data for appropriateness and thus felt that the data was valid and appropriate for our study.
We would have liked to have weighted the indications according to the likelihood that a drug would be used for one indication versus another. For example, the most likely indication for regular insulin is diabetes. However, it may also be used with glucose to treat hyperkalemia or as part of a diagnostic procedure to assess cortisol and growth hormone response to hypoglycemic stress. For drug pairs with a partial overlap, defining how common the indication is for a drug could be helpful for determining the likelihood that having an indication associated with the drug would help reduce confusion with a similarly named drug.
We also did not account for how frequently the drug is used. The addition of indications to a drug order or prescription may have more impact in terms of reducing the incidence of inadvertent interchange for commonly prescribed LASA drugs, if associating an indication can differentiate between them. While we are aware that the frequency of prescribing (and how common or uncommon a drug is used) varies among practices and practice settings, we noted that several drug pairs with no overlap in high-level indications were comprised of drugs that were among the top 200 U.S. drugs. 31 Examples include sitagliptin/sumatriptan, tramadol/trazodone, atomoxetine/ atorvastatin, metformin/metronidazole, bupropion/buspirone, lamotrigine/levothyroxine, and clonazepam/clonidine. Future studies using real-world drug utilization data in different practice settings would better inform the patient safety and electronic medical record design communities on the impact of associating indications with drugs. Nevertheless, we feel that our results give a good general sense of the potential for indications to reduce medication error. Additionally, we did not evaluate the relative seriousness of adverse outcomes from confusing two similarly named drugs since some drug mix-ups may not be as dangerous as others; confusing drugs with the same pharmacologic action (e.g., antidiabetic drugs glyburide and glipizide) may be less concerning than confusing two drugs with very different uses (e.g., Keflex for bacterial infection versus Keppra for seizures). These are potential areas for future studies.
The ISMP list is also based on reported errors. Since many errors are unreported, the list is likely an underestimate of LASA drugs. Nevertheless, this study shows that associating indications with prescriptions, even at a general and non-granular level, can provide an additional piece of information that clinicians can use to distinguish between many otherwise confusing drug names. Our findings add to the growing body of literature on the use of indications information to prevent medication errors, guide therapy selection, support medication counseling and education, and facilitate deprescribing of medications. [23] [24] [25] [26] [27] [28] Further study is needed on optimal ways of representing drug indications within drug knowledge bases to support different applications of the data (e.g., indications-based prescribing, patient problem list maintenance, drug regimen review, claims adjudication). 32 More research is also needed on practical ways to integrate indications content within the electronic health record such that clinicians can associate a drug's indication easily and accurately at any point in the medication use process.
CONCLUSION
Indications can help differentiate the majority of drugs with lookalike-sound-alike names in the current version of the ISMP list, and thus may potentially be used to reduce harm from errors that occur from drug name confusion. Further studies are needed to assess the optimal structuring of indications content, the impact of adding indications to drug prescriptions, and optimal ways to integrate indications content into electronic medication ordering systems and other areas of the clinical workflow.
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